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‘1’llc systeillatic arid  forlnal [ncthod o f  n o d a l  o r  l o o p  a[ialysis is tile u n i v e r s a l l y  adoJ>tcd  rl]cttlod  of

tracllillg tlclwork t h e o r y  at the u n d e r g r a d u a t e l e v e l  ivitll  r a t h e r  little crnJ)llasis  o n  n e t w o r k

[lla[\iJJulatiol] iind trausforrnatiorl. A l t h o u g h  t h e  r[latrix a l g e b r a  of forrllal lletwor!i arlalysis earl be

easi ly  arid  cfflcierltly carried out nvtllerically hy a colrlputcr , it fails ho Jwlessly  wllcl] analy{lcal arlswers

a r e  I)ccded  to llelJJ us a c q u i r e  rl]orc i n s i g h t  irlto  and faljliliarity w i t h (Ile opcratiorl of tile c i r c u i t .

(“orlstquellt]y, for rl]ost  jun ior  ana log  design cngir]cers tile otily  route to understanclirlg  a n d  d e s i g n i n g

circuits Iwttcr is mostly thmugl}  the slow process of cut and try, e i t h e r  L? I)readhoardirlg  or usil]g  CA1)

tools, ;irld r]ot ttlrougll  analyt ical  r]~etllods  they learned irl school. ‘1’his I)r(,l~lerrl has beerl recognized by

I’rofcssor 1{..1). hliddlebrook o f  Caltec]i whc) o v e r  t h e  y e a r s  a s  a corlsultallt arlcl arj e d u c a t o r  h~s

devcloJwc!  c’fficier~t analyt ica l  methods  which are  revo]utic)rlary in derivi]l~ fa-ster  and better analytical

iitlswers }vllile avoiding the horrors of runaway algebra “2:{. In this article 1 will illustrate how one of

tlICSC  ;irlalytical lrlctllods, krlown  a-s the E x t r a  Eler[lcnt Tilcorer112 (1~1~’J’),  car] c~lt thro@ t h e  akcbra

Iikr a  tlot knife  tllroug]l I)uller.

‘1’IIc circuit, irl l:ig.  1 is takml di rec t ly  frorrl  a wc!l-kuowti textlxwk by 1.. 0 .  Ctlua a n d  Pcn-hliu

I  i II l’QLuI)s!t.cI Aic!csbkdyskcd’  Ek@mmic  CircuiM;_  AlgofiLhms  aucl _Co14]J~mt34ioA<M~u~uM4  i~l

ivllicll tl)c  illJJut r e s i s t a n c e  1/,,, is to he dctcmnined  as a furlctioll c)f tllc triinsconctuctance g,,J u s i n g  the

lmralllcter extractiori rnettlod.  Ilecause tile JJararnetcr e x t r a c t i o n  rrlctl)od  requires  c.onsidcrah]e  a m o u n t

o f  IIlatrix rilarlil)ulations, wllic.11  would become prohibitive’ if all clerllcnt,s  were i]l symbolic fortn, the

alltllors }Iavc assigrlcd nutncric.al valuw to R]

1(,,,  =

hrough I/.B. m ShOWII  in l’k. I, to Ot)tairl

96.3 -t 5.1.4,,,
T37.7 + 10. !1.9,,,

( l a )

Ivllicll earl Iw r e w r i t t e n  iri a so]l]ew’hat  hct,tcr forrll  hy making the Ieactillg  tcrln i n  tile rlurllerat,or  a n d

tlIc (Icrloliiirlat,or  unity
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orlc call  sec d i r e c t l y  frotl,  tlIc  ilnprovcd for~[] of FkI.  (1 b) that if g,,, is zero,  tllell 1{,,,  :: .70. ( I;qua(ioll

(la) o r  (11)) i s  sol,leti,,,cs referred to as a bllineur function o f  g,~~ because ttlc ll~lmerator at}d

dclloIl]inator arc edcll  a Iillear fullcl  ion o f  g,~l.) 11) w]lat f o l l o w s , 1  would  like  t o  s n o w  now we call

dcterllli]lc I/iT, cntirc]y  ill syrnl)o]ir fortn  i n  a  felv SZntpl( steps u s i n g  t h e  ]<;x{ra }~]c’t[]cllt ‘1’tlcoretll 2

(I;k;’1’) twice i,, succcssio],. ‘1’his tllcorrrn allows u s  t o  relnovc elenlc~lts  frc)]rl t}te c i r c u i t  (irn}mfallcc

elc]rlcnts  and dc]mt)dcnt  sourcrx) i)) order to anrrly2c only  u set of simpier czn-u21s. Ilcrc is tl]c s o l u t i o n .

Soju  tion

C;lcarly, I)c lwo clc]licmts  t}lat  are giving us tlte ]l-]OSt  t rouble  irl t}]is c i rcui t  arc  g,), alId  I(B.  S o

we first take out ttle dc}wlldetkt  current  source by le t t ing  g,,l = O  al, rl obtairl  tllc circuit ill Fig. 2 Ivllich

is at] ordil]ary I)ridgc  circuit with inl)ut  res is tance It:,,. 1]) t ry ing  to  dctcrlnine 1{~,,, ~~c scc that  1{~ is

tllc only Clclllctlt  left !Vllictl causes  d i f f icul ty  and so we take that olic  out too and ol)taill tllc circuit in

Fig. 3a.

\N’c IIOW reir,statc I(B iirld g,,, by s u c c e s s i v e  applicatiorl o f  ttlc 1;1;’1’. I;rorll  I’ig. :{ii WC call

itllll]cdiatcly wrilc l~y i]lslwcliorl

1( ’1, = (L?, + 1{3) II (1/2 + Rq)

A l l  w e  IIecd to do ill order to deterlninc R;,, are two tnore silllplc calculatic)ns  as stlowll  ill Figs.  31) and

3c. 111 Fig. 31), wc dctcr[[~illr tl~c it~~)ut r e s i s t a n c e  a t  p o r t  (B) witt~ the itl~)ut port s h o r t  a~~cl obtailt by

il)s}wct.ioll

(5)

(6)



I;quatioll (6)  i s  .3 low-cntrol)y  cxprcssioll 1 Imcause  i t ’ s  hilil}car fortn wittl  rcs}m.t t o  I{B i s  ill Lcrlils of

series and Imrallcl colllhi;lations o f  t II(, rclliiiillirlg resistan( es lI!l tllrougll  1{4 lvllicll  c l e a r l y  stl OwS (IIC

in flucncc o f  1{~ 011 1{;,*

Ill a  second a])plicatioo o f  l;l;’l’< we r e i n s t a t e  g,,, hy l)crforlliillg t w o  aclriitiollal si]ll})le

c a l c u l a t i o n s  w i t h  tl)e dcpendcllt cllrrerlt source  g,,] at p o r t  (m) r e p l a c e d  by an il]dc]mlldcllt  currcl]t

source i,,, p o i n t i n g  in the o p p o s i t e  direct io]l o f  g,,, as  sllowll  ill F i g s .  4 a  al)cl 41). Ill Ipig. Ha, WC’

dctcrlninc the reverse gain u, /i,T , ([ ratlsrcsist.atlce)  with the input Iwrt  snort. Us ing  ttle corrct)t divisiolj

for[rlula hctwm I/B and RI II 1{3 +  1/2 II 1(4 We ohtairl [~y illsl~ccti~ll

(7)

III I:ig.  4 h  w e  relmat tile sa![le  wittl  the ir]l)ut  port, open. U s i n g  tile currcllt divisio]l forfllula I)ctwccrl  ttle

I)rallcllcs 1{1 +- lt2 and ll’H II (h’3 + 1{1) ~vc o b t a i n  l)y inspection

‘1’IIc EE’1’ ILOW tells u s  that l{,,,  i s  gi~ell  I)y

SuI)s~itrltirlg  I;qs.  (6), (7)  arid  (8) in ill. (9) wc get  the d e s i r e d  res~llt

h’i,, = (1{, -i 1{.3

(8)

(9)

(~lcarly  tlic r e s u l t  ill lq. ( 10) is sulwrior  1 0  tllc r e s u l t  in l;q. (11)) hccause i t  co~ltailis  Ilscfu] syltlholic

itlforlliatioll s h o u t  a l l  ttlc c i r c u i t  cle[llc]lts. Not  all sylul)olic cx})ressit)lls  c o n t a i n  useful  in forlllatioll

unless t h e  clrlnent,s  a r c  grolilwd to,gclller ill series aIIcl p a r a l l e l  co]lil~it]atiolls a s  ill the Iow-clltcopy fortrl

o f  l;q.  (10). lf Ilodal  o r  100})  al]alysis  IVAS used, thc]l the rmult woldd  lIiII’c COIIIC out  ill Ler]lls o f  a sz71glr

Il(lll]crator  and a Sl?lglc det]orllillalor racl I colltai]ling tflc  hUIII o f  I)rod[lcts  o f  f o u r  rcsista Ilcc5 a~ ii tir[]c

wl]ilc  the ccwfficicn(  of  g,,, wou]d  c o n t a i n  ilIc SUIII  of proclllcts of flvc  rcsisla]lcrs at. a ti]tlc. SuCll  ~ iligh  -



elltro})y  answer lIot  oIIly wou]d  IIavc  lxwn prohib i t ive ly  uill)lcasaflt 10 ol)taill, but, would have contained

al)sollltely  110 rccog]liz,able  inforlilation al)out (Ile o[)cratio[i of tile c i r c u i t . ‘1’his is precisely lIOW

cllgillccrs f i n d  o u t  that I)odal  or 100]) a n a l y s i s  siln!)ly  cam IIIt IICII) llIcr  II urlclcrstand tllc Imforr[lance o f

a c i rcui t  cvcll  if they w,erc to carry out t,llc arlalysis and surtivc (IIC illg(’l)r?i.

III afurtller exainple of now the EI’I’ call  lx irlvok,d  [ool)tai[l asilll],lc low-ent ropy resul t ,  the

bridge c i r c u i t  ill F ig .  1  ca[l  be lnade r e a c t i v e  hy rcl)lacillg [{~ wfitll  a ca]mcitor CB asshown it] F ig .  5.

‘1’tlc })urposc  of this circuit is (,0 illustrak the fo l lowing  ttlr(c irlll)ortallt lx, i]lts. First, a reactive circuit

CaII Im analyzed with tllc same eax as a resistive circuit tjlttiou( vvcr Ilavi ILg to deal witl)  the r e a c t i v e

i]ll[mial]cc  tcr]n l/s(_~B. Second, single extraction of tllc [,;iriiI]lct{r  g,,, is IIOt useful l~ccause  g,71 affcc.ts

tllc Ioli-frcquc]]cy asyl]ll)tote a s  we]] a s  tlIc  I)ole a r i d  ttlc wro o f  Z,,,(s). ‘1’l]ird, Ijy usirlg  the EE”I’,

Z,,,(s) earl autoIJlatically  h deterllliIled in factored pc)lr-zero for]ll.

Solution—. ..— —. ..-

F i r s tl we tiikc out  the  capaci t ive  reactance Zlj : l/s(_’Ij and  tllc dc]wndellt  c u r r e n t  source g,,,

and ohtait) t h e  sa]nc c i r c u i t ,  a s  ill F i g .  3 a  f o r  Ivllict[ 1{:’,, is giver] I)j Eq. ( 2 ) .  h’ext,  r e i n s t a t e  t h e

and deterlrlinc. dt’”j ~i[lc{ ,.t[’”) SllO\\IIJ ill I’ig. (j w,l]ictl a r e  t,lle sa~ne a s(lelwrI(lent  currcrlt s o u r c e  g,,i

I]rforc  but  wilt!  I{px,. }Icllc.e, usi])g  ICE”]’ we obtain for Ii; ,,

(11)

I:irlally, we reinstate (Ile cal~acitive reactance al]d  dcrlllirlc ‘$L(B) slid 1{(}])  sllow~] ill Fig.  7 a  a[ld  7b. In

l’ig. 7a wc tlave

so that

It! Iiglltof h;q. ( 1 3 )  wellavcfrolli I’ig.  7b

] + s(’BGJ#~)
xi,’(s)= H;,l- - - - - - -  ~jj)

I + s / s .
[ { - .  .---7

1 + s(’Bh’ “1 + s/s,,

(12)

(13)

(14)

(15)

wllcre  1{(, :- h’j,, is tlIc  lokr- f requency asy]nptote  aIId



‘l’tic clcgal)cc al)cl sirl]])licit,y  of this d e r i v a t i o n  i l l u s t r a t e  tiow,  wliel] Ltlc extra  elclllcllt is a rcmctancc  it)

au crtllcrwise  res is t ive  c i rcui t ,  the  l)olc al]cl zero  irlJImar ilomccliately  ill ltlc l o w - e n t r o p y  f o r m  o f  tllc

1;1;’1’  correction factor.

‘1’llc El; rl’ can a l s o  be ap})lied  t o  t h e  (Ictt>rtllillati{,rl  o f  ally kill(l o f  tratlsfcr fullct,ioll  such  a s

voltage  gai]l,  curretlt,  ga in  or  100])  gain af)d CaII IN cxtct]dd  to  two  or  IIlc)rc e x t r a  clc]I]c]lts3’  ‘;.
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